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In spite of extensive investigations, epidermal
keratinization remains relatively poorly under-
stood. A number of recent studies have helped
define some of the components involved in this
basic process (1). The chemical composition of
keratin, the role of keratohyalin granules, the
influence of dermal components, the nature of
both the intra- and extracellular cementing
substance, and the role of cholesterol and mu-
copolysaccharides have received considerable
attention.
The purpose of this study was to investigate
the possible influence of mucopolysaccharides,
their components, or both, on the process of
keratinization of adult human skin in vitro.
Experiments with human skin in organ culture
are well suited to the study of this basic process
and allow more control and isolation of the fac-
tors involved (2, 3).
MATERIALS AND METHODS
The modified Trowell technic was used (4).
Normal skin specimens from the arm, leg or trunk
were obtained either by use of local xylocaine
anesthesia or at the time of surgery for other
conditions performed under general anesthesia.
The specimens were cut into approximately 2
square millimeter pieces after removal of the sub-
cutaneous fat. Several specimens were grown with
the full thickness dermis attached.
The specimens were placed in small Petri dishes
on open mesh paper (tea bag) resting on stainless
steel platforms, 2 by 2 centimeters and 3 milli-
meters high. Usually 3 or 4 specimens of skin were
grown in a single Petri dish.
The medium was Eagle's with an Earle base
containing glutamine and 10 per cent calf serum.
Ten cubic centimeters of media were used, changed
every second or third day. Initially and through-
out the experimental period the pH was adjusted
to 7.2 with 5 per cent carbon dioxide in air when
necessary. Several Petri dishes were incubated at
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37°C within large staining dishes sealed with
Saran wrap.
The additives and their concentrations were as
follows:
heparin sodium 0.25 mg, 0.5 mg or 1.0 mg/cc
mepesulfate (Treburon) 025 mg, 0.5 mg or 1.0
mg/cc
glucosamine hydrochloride 0.25 mg, 0.5 mg or
1.0 mg/cc
galactosamine hydrochloride 025 mg, 0.5 mg or
1.0 mg/cc
N acetyl-glucosamine 025 mg, 0.5 mg or 1.0
mg/cc
N acetyl-galactosamine 0.25 mg, 0.5 mg or 1.0
mg/cc
chondroitin sulfate 025 mg, 0.5 mg or 1.0 mg/cc
hyaluronic acid 025 mg, or 1.0 mg/cc
For every experiment explants were grown in
plain media under the same conditions and parallel
observations were made. The sequential histologi-
cal findings were compared with the original epi-
dermis and with those of the explants grown in
media containing additives.
Additional controls included:
glucose 1 mg or 5 mg/cc
heparin sodium and protamine sulfate 1 mg.
each/cc.
protamine sulfate 0.5 mg or 1 mg/cc.
sodium sulfate 1 mg/cc
cysteine 0.5 mg or 1 mg/cc
Specimens were routinely removed at 3, 6, 9, 12,
15, 18 and 21 days intervals. Some were maintained
through 35 days.
The specimens were fixed in formalin, dehy-
drated and serially sectioned in the routine fash-
ion. Special stains included Barnett-Seligman,
toluidine blue at pH 2.5 and 5.0, colloidal iron-
periodic acid-Schiff, Alcian blue at pH 0.45 and 2.5
and aldehyde fuchsin.
In order to determine the uptake of radio-
active sulfur SSI in explants grown in the presence
of glucosamine hydrochloride (1 mg/cc) media,
2 microcuries of sodium sulfate containing S'
(Na2SO4) were added to media with and without
glucosamine hydrochloride. For these studies 1 cc
of growth media in disposable dishes was used.
Some explants were continuously exposed to the
radioactive sulfate, while others were pulsed at 2
day intervals in their growth.
Autoradiography and liquid scintillation count-
ing were then performed on specimens at 2, 4, 6,
8, 10 and 12 days of growth.
For autoradiography the specimens were fixed
in acetic acid-ethanol (1:3) solution for 30 minutes
and postfixed in 1% glutaraldehyde embedded in
paraffin and serially sectioned at 6 microns. The
slides were coated with Kodak NTB-3 liquid
§ Falcon
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emulsion and exposed for 3 weeks in a desiccator
at 4°C. These slides were developed and stained
with hematoxylin and eosin.
For liquid scintillation counting the specimens
were wet weighed, suspended in 1 ml. of 0.2 M
Tris buffer at pH 8, 0.04 M calcium chloride, 0.1
ml of ethanol (to prevent bacterial growth) and
0.6 mg of Pronase,* a proteolytic enzyme; these
materials were incubated at 45—50°C for 14 hours.
The entire specimen except the stratum corneum
was dissolved by this procedure. A carrier of
small amounts of hyaluronic acid, chondroitin
sulfate and heparin was added to the original di-
gested specimen to increase the yield. Cetyl
pyridinium chloride was then added to 1 per cent
concentration to form a dense cloudy complex
with the mucopolysaccharides. The precipitate was
filtered by suction, washed with distilled water and
counted in a Packard Tri-carb Liquid Scintilla-
tion Counter with a Toluene-BBOT system. This
procedure was performed on 38 explants of whole
skin and 40 explants in which determinations were
made on epidermal and dermal specimens pre-
viously separated with 2 N sodium bromide (5).
RESULTS
In the normal controls at 2 days the striking
features were a slight increase in the number of
basospinous cells and migration of epithelial
cells and melanocytes around the cut dermal
edges of the explant the so-called epiboly. In
the epidermis the basospinous cell layer stained
normally and the rete arrangement was main-
tained. The original stratum corneum appeared
normal and a less thick stratum granulosum
was usually present. Occasionally an epidermal
mitotic figure was seen. The dermis stained
normally and the endothelial lining of the capil-
laries was viable. At 3 to 4 days the essential
findings were the same as at 2 days, with the
additional feature of a parakeratotic cell layer,
2 cells in thickness. This layer formed above the
basospinous cell layer and was characterized by
cells with retention of intensely stained nuclei
and an edematous eosinophilic cytoplasm.
By 5 days the basospinous cell layer was re-
duced to 3—7 cells in thickness; the parakera-
totic cell layer was 4—5 cells thick. The enclo-
sure of the dermis by tongues of epidermis was
often complete. The parakeratotic cell repre-
sented the end stage of epidermal development.
At 6—7 days a further reduction in the baso-
spinous cell layer to 2—5 cells was noted. The
rete pattern was still evident. The capillary
endothelium remained viable. The parakeratotic
cell layer was 4—8 cells in thickness. The origi-
* Calif. Biochem.
nal stratum corneum retained its basket-weave
character. At 9 and 10 days the findings were
the same with maintenance of a rete with 3—4
cells at its greatest thickness.
At 11 and 12 days, the thickness of the epi-
dermis was the same as before. At 14 days a
basospinous cell layer, one or at most three cells
in thickness, and a parakeratotic cell layer of
8—10 cells were maintained.
The sweat glands appeared viable, while the
sebaceous glands degenerated. After two weeks,
the nucleated basospinous cell layer remained
practically one cell in thickness. However, a
definite viability was evident by staining cri-
teria.
Specimens Grown in Media Containing He pa-
nfl Sodium—In 61 explants grown with the
addition of 0.5 to 1.0 mg heparin sodium to one
cc of media, a striking change occurred in the
keratinization process. At 3 days the epidermis
was slightly increased in thickness and there was
no evidence of abnormal keratinization. By the
end of 5 or 6 days, intensely cornified stratum
corneum cells were formed and by the end of 8
days there was a horny layer without para-
keratosis (Fig. 1A). The epidermis did not en-
close the underlying dermis by extension of epi-
dermal sheets at the edges of the explant. This
was evident only after the first 9 days of growth.
During the first 8 days two other changes oc-
curred in the epidermis. 1) In sharp contrast
to the usual findings in explanted adult skin,
the stratum granulosum was maintained
throughout the experimental period, and 2) be-
ginning about the fifth day of the experiment
there was some loosening or separation of the
basospinous cells from each other. Similar find-
ings were present at 12 days (Fig. 1B). These
explants did not maintain viability any longer
than the controls. Little or no parakeratosis
appeared throughout the growth period. Histo-
chemical staining failed to show any glycogen
in the epidermis. There was an intense concen-
tration of sulfhydryl groups within the newly
formed stratum corneum, just above the stra-
tum granulosum, as shown by the Barnett-
Seligman stain. Birefringence in this newly
formed stratum corneum indicated a keratiniza-
tion pattern similar to that seen in vivo. Tolui-
dine blue staining of epidermis grown in
heparin-containing media revealed no increase
in metachromatic staining of the basospinous
cell layers, as compared to the controls. Con-
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FIG. lÀ. Adult skin growing in media containing heparin sodium (1 mg/cc) 6 days; stratum
corneum cells (S.C.) are not parakeratotic with original stratum corneum (O.S.C.) above it.
Some separation of the prickle cells has occurred. H & E, X 225; lB. Same skin under same
conditions at 10 days. H & E, X 225; 1C. Control skin grown in basal media at 10 days.
Parakeratosis (P.S.C.) is evident throughout stratum corneum. H & E, X 225.
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trols in which protamine was added to the
heparin-containing media produced explants
identical to those of the controls without the
addition of heparin (Fig. 1C). In other words,
the heparin effect was prevented by the addi-
tion of protamine to the media. Controls with
added glucose or sodium sulfate did not show
such changes but were identical with skin
grown in basal culture media. Throughout these
experiments the pH was maintained at 7.2.
Specimens Grown in Media Containing
Glucosamine Hydrochloride—Thirty-two ex-
plants were grown in the presence of glucosa-
mine hydrochloride. During the first 3 days the
epidermal cells were histologically identical with
the controls, with thickening of the epidermis
and beginning parakeratosis in some explants.
The individual cells were somewhat enlarged
and edematous throughout the epidermis. By
the end of the fourth day a large number of
cells were found in the stratum granulosum
which contained keratohyalin granules. These
keratohyalin granules were morphologically
similar to those of normal stratum granulosum
cells seen in vivo. Their number was greatly
increased in specimens observed at 6—8 days
(Fig. 2A). The total number of nucleated cells
in the basospinous cell layer of the epidermis
was definitely increased by this time. This hy-
perplasia and swelling of the individual cells
resulted in thickening of the epidermis, often
times to twice that of the control. Mitotic fig-
ures were not numerous. The stratum eorneum
cells were somewhat swollen with minimal
parakeratosis. The overall longevity and viabil-
ity of these explants were slightly greater than
in the controls; the hyperplasia did not con-
tinue, however, and by the 15th day few nu-
cleated cells remained.
Staining for sulfhydryl did not show any in-
crease in these groups within the epidermis;
the granules did not stain. Toluidine blue
stained some of the keratohyalin granules meta-
chromatically. The granules displayed blue-
green positive reactions with colloidal iron
P. A. S. or Aleian blue-P. A. S. pH 0.45 or 2.5.
Histoehemical staining with the Hotehkiss-Mc-
Manus technic failed to show any glycogen in
the epidermis. Controls in which the media
contained 5 to 10 mg of glucose per 10 ml
failed to show glyeogen within the epidermis.
Fie. 2A. Adult skin growing in media containing glueosamine hydrochloride (1 mg/cc) for
6 days showing thick granular layer. Epidermis is thicker than control. H & E, x 310; 2B.Control skin growing in basal media, 6 days. H & E, >< 310.
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Controls grown in the basal media contained
few if any keratohyalin-granules (Fig. 2B).
The autoradiographie studies showed an in-
creased number of exposed silver grains over
the epidermis of specimens grown in the pres-
ence of glucosamine, compared to controls. In
tbe exposed control specimens silver grains were
present only over tbe apparently viable basal
cells, while in specimens grown with glueosa-
nine, they were present throughout the epider-
mis. The number of exposed silver grains per
cell did not seem to be greater in specimens
stimulated by glucosamine; it seemed related
to the increased epidermal thickness in these
specimens. The silver grains are somewhat
scattered over the areas containing S" and are
not distinctly localized in the individual cells
involved because of the high energy of the re-
leased particle. (Fig. 3A, B and C). This energy
may be enough to expose silver grains located
above the cell and those almost a cell diameter
away.
The liquid scintillation studies also showed an
increased S'5 uptake in specimens stimulated by
glucosamine hydrochloride. 5" uptake in whole
skin of Case I was initially depressed in the
specimen grown in glucosamine containing
media, but recovered and exceeded the uptake
in the control by the 6th through 12th day (Fig-
ure 4). In this specimen few fibrocytes were
present in the dermis of the original (uneul-
tured) skin and cultured specimens.
In Case II (whole skin) there was little dif-
ference in the 5" uptake of the glucosamine hy-
drochloride specimen and the control. Fibro-
cytes were numerous and it was thought this
might account for the different results in Case
I and II. Therefore, in Cases III the epidermis
and dermis were separated and the S'5 uptake
measured in each. In the separated glucosamine
hydrochloride specimen compared to its con-
trol, there was retardation of uptake by the
epidermis in the 2 day specimen, followed by
increased uptake in the 6—12 day period. The
6—S day period coincides with the time in which
the epidermis in specimens grown in the pres-
ence of glueosamine is thicker than the controls
and is producing keratohyalin granules.
There were little differences of 5" uptake in
the dermis except for the initial retardation of
uptake in the glucosamine hydrochloride ex-
posed specimen. The growth medium was found
to contain large amounts of 5" labelled cetyl
pyridinium chloride preeipitable mucopolysac-
eharides, shown in preliminary chromatographie
studies to be mainly chondroitin sulfate. Many
specimens, especially in the earlier studies, were
done in duplicate and maintained throughout
the period of study in separate tissue culture
dishes and prepared for counting separately.
These specimens were usually within 10% of
each other after correction for weight differ-
ences.
N-acetyl glucosamine hydrochloride in the
media caused an increase in keratohyalin gran-
ule formation but not to the extent as occurred
with glucosamine hydrochloride.
Specimens Grown in Media Containing
Galactosamine Hydrochloride—With galactosa-
mine hydrochloride, the normal skin explants at
3 days revealed a striking change. Within prac-
tically all cells of the basospinous layer there
were perinuclear densities staining intensely
with hematoxylin (Fig. A, B, C). These appar-
ently resulted in some disruption and distortion
of the nuclei. These dense bodies stained red-
purple with the periodic acid-Schiff technic and
were not dissolved by amylase or hyaluronidase
(Fig. 5B). With colloidal iron-P. A. S. and Al-
cian-blue P. A. S. they did not stain blue-green
and thus are not acid mucopolysaceharides.
These are not crystalline. Similar bodies were
present in some cells within the dermis. Prelimi-
nary experiments with acetyl-galactosamine
have failed to show a similar production of
perinuclear densities. The P. A. S.-positive
bodies moved out as the epidermal cell went
through its cycle. The final explant revealed
that the treated epidermis had survived as well
as the controls and contained large amounts of
this material. Parakeratosis occurred and kera-
tohyalin granules did not develop. In other
words, keratinization was not influenced by
these bodies. The bodies decreased in size as
epidermal cells keratinized. They remained in-
tracytoplasmie.
DIscussIoN
The production of a granular layer by the
addition of heparin or glucosamine hydrochlo-
ride is a new observation which is difficult to
explain. The mechanisms of action for these two
substances are probably different as judged by
the histologic appearances of the explants.
The separation in heparin-grown explants
of the nucleated basospinous cells from each
FIG. 3A. Autoradiograph of skin grown for 4 days in media containing glucosamine HC1
and S sodium sulfate. H & E, X 444; 3B. Control—same as A except grown in basal media.
H & E, X 444; 3C. Same specimen grown in glucosamine hydrochloride containing media
8 days. Note silver granules do not overlay keratohyalin granules. H & E, X 444.
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other and the absence of parakeratosis with
apparent good adhesiveness of stratum cor-
neum cells to each other arc also difficult to in-
terpret. We have no histochemical evidence
that the widened intercellular spaces in the
basospinous layers are filled with heparin or a
related mucopolysaccbaridc component. Various
interpretations are possible to explain the
mode of action of hcparin. In addition to its
anticoagulant property, heparin has a number
of other actions, such as its inhibitory effect on
mitosis (6). In our experiments the mainte-
nance of a histology approaching normal may
reflect the antimitotic property of bcparin. Cell
division may be slowed to such a degree that
keratinization may become more complete. The
lack of extension of epidermal cell sheets around
the dcrmal part of the explant (epiboly) is an-
other evidence that epidermal mitosis and pro-
liferation do not occur initially (3). Epiboly
regularly occurs in the controls and is well-es-
tablished by the fourth or fifth day, while it is
not observed in heparin-grown explants until
the 9th or 10th day. Experiments with tritiated
thymidine are planned to establish the mitotic
rate. Also, the use of known antimitotics which
are not mucopolysaccha rides, such as mctho-
trexate, is indicated. An alternate interpreta-
tion of the heparin effect would invoke an in-
creased adhesiveness between the cells so that
tongues of epithelial cells do not glide around
the exposed dermis.
Nuclear disappearance and epidermal cell
keratinization follow the maintenance of a dis-
tinct granular cell layer. A thin granular cell
layer was present in the explants grown in the
presence of beparin. This lends support to the
theory that these granules have a distinct role
in the process of cell differentiation toward
complete keratinization. The fully kcratinizcd
stratum corneum cells in heparin-grown ex-
plants may reflect the role of mucopolysac-
charides as cementing substances. Electron
microscopic evidence in normal skin that the in-
tercellular space contains polysaccharide sub-
stances lends support to such a possibility.
The mechanism for the effect of glucosamine
on keratohyalin granule formation is unknown.
The effect may be that of an overall retardation
of epithelial growth with redirecting cellular
energies towards keratohyalin granule forma-
tion; or indeed there may be a stimulation of
the mechanism of keratohyalin granule produc-
tion.
Although the nature and role of keratohyalin
granules in kcratinization are still unsettled,
some of their properties have been established:
intense staining with hematoxylin; presence of
calcium, alkaline phosphatase, acid phosphatase,
and probably mucopolysaccharides; absence of
glycogen or P. A. S.-positive carbohydrates, sulf-
hydryl groups, disulfide bonds or desoxyribo-
nucleic acid; digestion by elastasc and resistance
to hyaluronidase or crystalline trypsin (7, 8, 9).
The experimentally-induced keratohyalin gran-
ules in glucosamine hydrochloride-containing
media were shown by preliminary histocbemical
methods to have the usual characteristics of
such granules, namely affinity for hcmatoxylin,
partial metachromasia, period acid-Schiff nega-
tivity and resistance to digestion by amylase or
hyaluronidase.
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Fm. 4. Case I. Uptake of 8 in whole skin grown in media containing glucosamine
exceeded that in the control at 6 days through 12 days.
Fro. SA. Adult skin growing in media containing galactosamine hydrochloride (1 mg/cc),
3 days, H & E, X 555. Large perinuclear bodies are evident; 5B. Same skin as 3A, Colloidal
iron-P.A.S. technic demonstrates P.A.S. positive bodies. X 555; SC. Control skin growing
in basal media at 3 days. H & E, X 555.
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Several technics were used to explore the
possible mechanisms involved in keratohyalin
granule production in adult skin grown in the
presence of glucosamine. These included studies
to demonstrate 555 uptake by autoradiography
and liquid scintillation counting and the use of
compounds related to glucosamine. The pur-
poses of the radioactive sulfate uptake studies
were to observe sites of sulfation by autoradi-
ography, to determine with liquid scintillation
methods the relative uptake of S' hi tissues
grown in glucosamine hydrochloride and to
identify newly synthesized sulfated compounds
by paper chromatography.
The increase in 535 uptake in epidermis
grown in the presence of glucosamine hydro-
chloride compared to controls was greatest be-
tween the sixth and eighth days. This time se-
quence correlated with the time of maximum
keratohyalin granule formation. In this same
period the epidermis grown with glucosamine
maintained a histology most comparable to
that seen in adult skin in vivo. At this same
time the control epidermis was already under-
going characteristic parakcratotic degenerative
changes. By the twelfth day the epidermis
grown in the presence of glucosamine bad be-
gun to resemble greatly the degenerated control
epidermis.
In experiments with liquid scintillation counts
explants grown in glucosamine-containing media
contained more 555 than the controls following
an initial depression. In all cases the growth
media contained large amounts of cctyl pyri-
dinium chloride precipitablc 535 when examined
on the second through the twelfth day. This
amount tended to be the largest in the media
obtained from explants which showed the great-
est S uptake probably due to leakage of water-
soluble 535 labelled mucopolysaccharide into the
media. There is some evidence that mucopoly-
saccharides are first extruded from the cells
after synthesis and then sulfated (10), or ex-
truded as sulfate-containing low molecular
weight precursors which are subsequently poly-
merized outside the cell to form mucopolysac-
charides (11).
The absence of silver grains over keratobyalin
granules indicated that newly sulfated muco-
polysaecbaridcs are not present (Fig. 3C). Re-
cent studies indicate that kcratohyalin granules
contain acid mucopolysaccharides of an unknown
type (9). Glucosaminc hydrochloride thus may
cause the production of kcratohyalin granules
by affecting the synthesis of a non-sulfated
mucopolysaccbaride.
The use of related compounds such as
hyaluronic acid did not produce any increase in
the number of kcratohyalin granules. Excess
glucose in the media did not cause the changes
seen with glucosaminc hydrochloride. Glucose is
already present in the basal culture media in
large amounts. N-acetyl glucosamine produced
similar but less definite effects than glucosaminc.
It is also noted that large amounts of glutamine
are present in the culture media and thus the
effect of glucosaminc was probably not by
supplying amine groups.
Neither galactosamine hydrochloride nor N-
acctyl galactosamine was a factor in the produc-
tion of keratohyalin granules, even though these
materials differ from glucosamine by the hy-
drogen hydroxyl configuration at only one car-
bon atom and probably can be converted to
each other (12). The addition of galactosamine
hydrochloride to the media resulted in the pro-
duction of large perinuclear periodic acid-
Scbiff positive amylase and hyaluronidase-re-
sistant bodies. Similar material was also present
within some cells in the dermal part of the ex-
plant. This material may represent an insoluble
compound (galactosaminc hydrochloride and a
component of the media) which is absorbed by
the cpidcrmal cells and carried externally in the
process of keratinization. Or it could be a com-
pound within the cell due to the presence of the
galactosamine hydrochloride. The nucleus of the
epidermal cell seems fractured or abnormal.
Keratinization proceeds through its usual
parakeratotic stage.
sUMMARy
1. Despite the efforts by numerous workers,
keratinization of human adult skin in vitro
has never reproduced the in vivo morphologic
pattern. The granular layer was not main-
tained uniformly; parakeratotic cells with re-
tained nuclear remnants were the end product
of the life cycle of the epidermal cell in culture.
2. With the Trowcll technic of growing ex-
plants on metal platforms, we have been able
to direct in vitro keratinization toward the
production of a more normal-appearing stratum
corucum. The addition of beparin sodium to the
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media resulted in a densely-packed, non-para-
keratotic stratum corneum, accompanied by a
distinct granular layer, absent in control ex-
plants. The mechanism for this action is un-
known but an anti-mitotic effect is likely.
3. Experimental production of a wide gran-
ular cell layer in human adult skin explants has
been accomplished by the addition of glucosa-
mine hydrochloride to the media. The epidermis
became thickened; keratohyalin granules were
produced at 4 or 6 days after explanation. The
stratum corneum was only slightly parakera-
totic.
4. Preliminary studies indicate that in the
presence of glucosamine hydrochloride, utiliza-
tion of 5" by the epidermis of the explant is
increased. These studies do not indicate newly
sulfated mucopolysaccharide synthesis in the
experimentally produced keratohyalin granules.
5. Large amylase and hyaluronidase-resistant,
periodic acid-Schiff (P. A. S.) positive cytopias-
mic bodies developed in epidermal cells after
the addition of galactosamine hydrochloride to
the media. These bodies first appear in the
basal cell layer in a perinuclear position.
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